Abstract-A physics-based IGBT model is implemented into the general purpose circuit simulator SaberTM. The IGBT model includes all of the physical effects that have been shown to be important for describing IGBT's, and the model is valid for general external circuit conditions. The Saber IGBT model is evaluated for the range of static and dynamic conditions in which the device is intended to be operated, and the simulations compare well with experimental results for all of the conditions
INTRODUCTION HE IGBT (Insulated Gate Bipolar Transistor) is a new
T power device that is designed to overcome the high onstate loss of the power MOSFET. The structure of the IGBT shown in Fig. 1 is similar to that of an n-channel VDMOSFET (Vertical double Diffused MOSFET), with the exception that the n-type drain contact of the conventional VDMOSFET is replaced by the p-type anode region for the IGBT. The purpose of the additional anode-epitaxial layer p-n junction of the IGBT is to inject a high level of excess minority carriers into the epitaxial layer which thereby reduces the on-state resistance of this layer (conductivity modulation). Thus, IGBT's have the high output current capability of power bipolar transistors but with the efficient gate drive requirements of power MOSFET's.
IGBT's have become widely accepted among circuit designers as an alternative to power bipolar transistors and Darlington transistors in a variety of power converter and motor drive applications. To design power electronic circuits containing IGBT's, circuit simulations are needed to examine the behavior of the devices within the circuit. However, the device models currently available in most commercial circuits simulators were originally intended to describe microelectronic devices and cannot readily be modified to describe IGBT's or other power semiconductor devices.
The basic equivalent circuit of the IGBT is shown in Fig. 2 , and the regions of the device structure corresponding to the elements of this circuit are indicated on the right half of Fig. 1 . The n-channel IGBT behaves as a p-n-p bipolar transistor that is supplied base current by an n-channel MOSFET, and thus the physical phenomena of both bipolar and MOSFET device types influence the behavior of IGBT's. However, the internal MOSFET and the internal bipolar transistor of the IGBT behave differently than their microelectronic counterparts because they have been designed for different functional purposes and have significantly different structures than the microelectronic devices [ 11- [3] .
For example, the intemal VDMOSFET of the IGBT has a thick, lightly doped drain region (epitaxial layer) to support the depletion region for high blocking voltages while still maintaining a short channel length to supply high current densities. As a consequence, the gate-drain overlap capacitance of the VDMOSFET is highly nonlinear. The gate-drain capacitance is equal to the gate-drain overlap oxide capacitance for low drain voltages where the silicon beneath the gate-drain overlap is not depleted. However, at high drain voltages, the gate-drain overlap has a depletion layer in the silicon beneath the gate oxide, and the gate-drain capacitance is reduced by about two orders of magnitude [3] .
The bipolar transistor of the IGBT is introduced for the purpose of modulating the conductivity of the epitaxial layer. This transistor has a lightly doped wide base (epitaxial layer) to support high voltages, and its base contact is at the collector edge of the neutral base where the MOSFET channel current supplies electrons to the base. This bipolar transistor is also typically designed with a low excess carrier lifetime in the base to achieve a high speed turn-off. As a consequence, the bipolar transistor of the IGBT has a low current gain and is operated in the high-level injection condition for the practical current density range of the IGBT. This is in contrast to microelectronic bipolar transistors which are designed to have a narrow base, a high base lifetime, and which are typically operated in low-level injection to achieve a high current gain.
To describe the high-level injection operation of the wide base bipolar transistor of the IGBT and other conductivity-modulated power devices, ambipolar transport theory must be used to describe the transport of electrons and holes in the base, and the transient behavior cannot be described using the conventional quasi-static approach [ 11.
A physics-based model for the low-gain, high-level injection bipolar transistor of the IGBT is developed in [2] and is combined with a VDMOSFET model in [3] , resulting in a general purpose model for the IGBT. The model has been verified for various external circuit conditions [ I] - [4] and for the full range of static and dynamic conditions in which the IGBT's are intended to be operated. The model has also been [6] .
The purpose of this paper is to describe the methodology for implementing the IGBT mathematical model developed by Hefner into the Saber circuit simulator [7] , and to provide a Saber IGBT model that can be used for general purpose circuit simulations.' Furthermore, the techniques demonstrated for modeling IGBT's with the Saber circuit simulator are generally applicable to modeling other power semiconductor devices. Many diverse types of power devices are currently available with structures that differ significantly from one another, and different device model equations are generally required to describe each device type. This is in contrast to microelectronic devices for which many different devices can be described by using the appropriate model parameters in a few standard device models. Thus, the techniques described in this paper for implementing model equations into the Saber circuit simulator are essential for accurate simulation of power semiconductor devices. Fig. 3 shows a detailed IGBT equivalent circuit superimposed on a schematic of the structure of one of the many thousand cells of an n-channel IGBT. The elements of the circuit of Fig. 3 represent the nonlinear physical phenomena associated with each region of the device structure. The basic IGBT equivalent circuit of a bipolar transistor that is supplied base current by a MOSFET is indicated by the MOSFET and bipolar transistor symbols within the circuit of Fig. 3 . The other components connected between the emitter (e), base (b). and collector (c) nodes are associated with the bipolar transistor, and those connected between the gate (g), source (s), and drain (d) nodes are associated with the VDMOSFET. Table I gives a list of the expressions used in the Saber -IGBT model to describe the phenomena associated with each Of the components in Fig. 3 . The IGBT model equations in Table I are equivalent to those presented in [3] with the 'The IGBT model described in this paper is provided within the Saber Template Lihraries. saber"\l and MAST@ are trademarks of ~~~l~~~ Beaverton. Ore. Phenomenological IGBT circuit superimposed on schematic of StNCexception that they have been augmented to show how the following effects are included [6] : 1) mobility reduction due to carrier-carrier scattering, 2) mobile carrier space charge concentration in the base-collector depletion region due to velocity saturation, and 3) avalanche multiplication within the base-collector depletion region. The equations have also been reformulated to emphasize the Saber implementation, which is described in Section 111. In this section, the circuit elements of Fig. 3 are used to describe the physical origin of the expressions in Table I and to explain the influence of each physical phenomenon on the device behavior.
IGBT DYNAMIC MODEI

MOSFET Characteristics
The MOSFET portion of the IGBT's studied in this work behaves similarly to the power VDMOSFET, with the exception that the resistance of the lightly doped epitaxial layer is accounted for as the conductivity-modulated base resistance of the bipolar transistor, Rb [3] . In addition, the drain-source and gate-drain depletion capacitances coincide with the basecollector depletion capacitance of the bipolar transistor and hence are only included in the MOSFET model. In order to describe IGBT's made with MOSFET structures other than the VDMOSFET, only the components of Fig. 3 associated with the MOSFET portion of the device need to be changed.
The expression for the current through the MOSFET channel I,,, given in Table I includes the effects of diffusion of carriers in the MOSFET channel due to the nonuniform channel dopant density. This results in the different value for the saturation region and linear region transconductance parameters Kpsat and Kplin, respectively. The reduction in channel mobility due to the high transverse electric field for high gate voltages is included through the parameter 0 and results in a linear increase in saturation current with V,, -V, for high gate voltages, whereas the saturation current increases as the square of V,, -VT for low gate voltages. The channel length modulation factor of traditional VTd is approximately equal to zero due to the low doping concentration of the epitaxial layer except in devices with a neck region implant (region between adjacent body diffusions). The gate-drain capacitance is also proportional to the area of the gate-drain overlap Agd, and the drain-source capacitance is proportional to the area of the body region Ad, (Fig. 3) , where the sum of Agd and A d , is the active area of the chip A.
Bipolar Transistor Characteristics
The transient behavior of the lightly doped wide base bipolar transistor of the IGBT (and other conductivity-modulated devices) was analyzed in [2] . In that analysis, the ambipolar transport equations were solved for the boundary conditions of the bipolar transistor to obtain the transient carrier distribution, the collector and base currents, and the emitter-base voltage. Fig. 4 shows the coordinate system used to develop the IGBT bipolar transistor model. Because the base-collector voltage changes with time during transient conditions, the base-collector depletion width WbcJ changes with time, and the excess camer charge stored in the base is swept into a neutral base width W that changes with time. The quasistatic condition cannot be assumed for the transient analysis because the base width typically changes faster than the base transit speed for excess carriers, and because the transports of electrons and holes are coupled for ambipolar transport [I] .
In addition to the above-mentioned depletion capacitances, the bipolar transistor of the IGBT contributes a collectoremitter redistribution capacitance C,,, which is a result of the nonquasi-static behavior of the bipolar transistor base charge for the moving base-collector boundary condition. The expression for the collector-emitter redistribution capacitance in Table I is equal to the ratio Q / Q B times one-third the base-collector depletion capacitance CbW. In the IGBT model, the base-collector depletion capacitance is defined to relate the time rate-of-change of the base-collector depletion width to the time rate-of-change of base-collector voltage, but is not used to describe the base-collector depletion capacitance displacement current which is accounted for in the gate-drain and drain-source capacitances of the VDMOSFET.
Because the excess carrier base charge Q is much larger than the background base charge QB for the high-level injection condition, the redistribution capacitance is much larger than the depletion capacitances and thus dominates the output capacitance of the IGBT at turn-off [1]- [4] . Because the redistribution capacitance is a result of a component of collector current, this capacitance appears as an anode-to-cathode capacitance, and the gate-to-drain feedback capacitance is unchanged from that of the VDMOSFET [3] . The effective output capacitance at tum-off for the IGBT depends upon the device base lifetime, because the steady-state value of Q at the initiation of turn-off depends upon the device base lifetime. The effective output capacitance at tum-on is much less than that at turn-off for the IGBT, because Q is zero in the off-state before the initiation of the tum-on.
The bipolar transistor symbol in Table I consists of the nonquasi-static component due to the coupling between the transports of electrons and holes in the base [ l ] (first term on the right-hand side), and the well-known charge-control component due to the diffusion of holes through the base for the high-level injection conditions (second term). The expression for Ib,, consists of a component due to recombination in the base (first term) and a component due to injection of electrons into the emitter (second term). The base current is a significant component of the total anode current for the low-gain condition of the bipolar transistor of the IGBT, and is also important in determining the time rateof-change of base charge for transient conditions, i.e., current in the emitter-base capacitor. The emitter-base voltage consists of the potential across the conductivity-modulated base resistance R b , plus the potential across the emitter-base diffusion capacitance Cebd or the depletion capacitance Cebl [3] . For forward conduction, the emitter-base voltage is determined by the diffusion capacitance and the conductivity-modulated base resistance. The emitterbase diffusion capacitance is represented implicitly in Table I , because the expression for the emitter-base capacitor voltage v&, in terms of the base charge Q cannot be inverted to obtain an expression for the charge in terms of voltage. The emitter-base junction depletion capacitance Cebj is important when the emitter-base junction is reverse biased or has a small forward bias, but for larger forward biases the emitterbase diffusion capacitance Cebd is dominant. The charge Q is also used to describe the space charge of the emitter-base depletion capacitance for the bias range where this capacitance is dominant, and a continuous transition between the depletion and diffusion capacitances is obtained by using the larger of the two capacitances or equivalently the minimum voltage.
For reverse blocking Q < 0, the collector and base currents are also replaced by the emitter-base leakage current and the reverse collector current.
Second-Order Effects
The second-order effects that are incorporated into the IGBT model but are not described on the phenomenological circuit of Fig. 3 are: 1) mobility reduction due to high freecamer levels, 2) velocity saturation in the base-collector depletion region, and 3) carrier multiplication within the base-collector depletion region [3] - [6] . These effects do not change the qualitative behavior of IGBT's operated within their maximum current and voltage ratings, but do have a second-order effect on the quantitative results of the model. However, the carrier multiplication effect results in avalanche breakdown for operating conditions in which the maximum rated voltage is exceeded. The mobility reduction and velocity saturation effects are a result of the bias dependence of the physical parameters which are used to derive the model. These two effects are included implicitly because an explicit analytical solution is not readily obtained if these effects are included in the derivation of the basic model.
The space charge concentration due to mobile carriers flowing through the base-collector depletion region at the saturation limited velocity has a second-order effect on the time rate-of-change of the base-collector voltage [2] . The component of base-collector space charge due to velocity saturation is given in terms of I, and I,,, by
N s a t = I c / ( q A U p s a t ) -I,os/(qAumat).
(1)
Because the expressions for the currents 1, and I,,, in Table I depend upon the space charge concentration, the variable Nsat is solved for iteratively to satisfy (1). The mobility reduction due to carrier-carrier scattering has a second-order effect on the on-state emitter-base voltage at high free-carrier levels [2] . The reciprocal component of mobility due to carrier-carrier scattering is given in terms of the excess carrier concentration by
Because the expression for the average excess carrier concentration % given in Table I depends upon the mobility, the variable l/pc is solved for iteratively to satisfy ( 2 ) . This technique can also be used to include the influence of other bias-dependent model parameters which cannot readily be included in the derivation of the analytical model, i.e., lifetime reduction due to Auger recombination [8] .
Carrier multiplication due to impact ionization in the high electric field of the base-collector depletion region has a second-order effect on the anode current for large anode voltages that are within the device maximum voltage rating. Carrier multiplication also determines the avalanche breakdown behavior for operating conditions in which the device maximum voltage rating is exceeded. Carrier multiplication in the base-collector depletion region results in an additional component of base-to-collector current that increases exponentially with anode voltage near the open-base, collectoremitter breakdown voltage. The carrier multiplication current is included in the derivation of the IGBT model equations by including the additional components of base-to-collector current Imult that is proportional to the electron and hole currents entering the depletion region, IC and Imos, and that is proportional to the multiplication factor (A4 -1) [3] . The thermally generated leakage current I,,, is also included, but this component of current is only important when using the model at high temperature or to describe the structurally equivalent power MOSFET.
Iv. IMPLEMENTING THE IGBT MODEL INTO SABER
To describe the behavior of a system such as an electrical network using the Saber circuit simulator, the interconnections of the different components of the system are described using a network listing (net-list). The net-list contains a statement for each component of the system that defines the name of the model template used to describe the component, the terminal connection points of the component, and the values of the model parameters that are to be changed from the default values of the generic model template (see Section IV). The models that describe each of the components of the system can be accessed from the Saber libraries of standard component models, or from user-defined Saber templates where the equations that describe the physical behavior of the device are implemented. The implementation of the IGBT model equations into a Saber template is described in this section, and the net-lists describing the operation of the IGBT within various test circuits are given in the next section,
Saber Templates
Saber templates are written in the MAST@ modeling language which is similar to the C programming language with the addition of specially designed modeling constructs which facilitate the implementation of Kirchhoff's laws and aid convergence. Both user-defined models and the standard Saber library models are implemented in Saber templates using the MAST modeling language. Electrical component models are implemented into templates by expressing the current through each element of the component in terms of the system variables of the component; system variables for electrical component models consist of terminal node voltages, intemal node voltages, and explicitly defined system variables. The simulator solves for the system variables of the entire network such that the net current into each node of the system sums to zero (i.e., Kirchhoff's current law is satisfied), and such that the equations defining the explicitly defined system variables for each component are satisfied.
A skeleton template of the Saber IGBT model is shown in Fig. 5 [7] where each section performs the following functions:
In this example, the IGBT template header defines the anode, g a t e , and cathode2 terminal connection points as well as the names and default values for model parameters such as the high level lifetime THL. The local declarations define constants, designate intemal nodes, and explicitly define the additional system variables (in addition to the node voltages) needed to describe the state of the device. The parameters section is used to calculate quantities that only need to be calculated once at the beginning of the simulation. Quantities that are functions of the system variables (i.e., Table I ) are implemented in the values section. The control section contains information about the nonlinear model relationships and commands to aid convergence. Finally, the equations section describes how the quantities calculated in the values section are assembled to solve for the system variables.
IGBT Model Formulation
To implement the IGBT model presented in Section I1 into the Saber circuit simulator, the model is formulated such that the currents between each of the terminal nodes are expressed in terms of the nonlinear functions of the system variables ( Table I ) and in terms of the time rate-of-change of these functions of the system variables. Fig. 6 is a schematic of the components of current flow between the terminal nodes of the IGBT (gate, anode, and cathode), indicating the intemal nodes ( d r a i n and e m i t t e r ) that are required to implement the IGBT model equations given in Table I into the Saber circuit simulator. Fig. 6 is an analog circuit representation for the equations in Table I . The expressions in Table I are implemented in the values section of the Saber template, and these values are used in the equations section of the template to describe the interconnection of the components of current through each element of Fig. 6 . The analog circuit representation of the IGBT model equations of Fig. 6 differs from the phenomenological circuit of Fig. 3 with the bipolar transistor symbol replaced by the base and collector current sources. In the phenomenological circuit which is based upon the IGBT structure without considering the effects of ambipolar transport, the emitter-base diffusion capacitance is represented as a lumped capacitor located at the metallurgical emitter-base junction, and only the flow of base current through the conductivity modulated base resistance is indicated. However, the potential drops due to drift and diffusion are actually distributed throughout the base region, and the drift terms of the ambipolar transport equations depend upon both the base and collector currents [ 2 ] . Thus, both the base and collector components of current contribute to the resistive potential drop V,,, and Rb appears at the emitter terminal in the analog circuit representation of the IGBT model equations (Fig. 6) .
The emitter-base capacitor current Icceb represents the time rate-of-change of the base charge, where the nonlinear expression given in Table I 
Saber Implementation
The expressions in Table I are implemented in the values section of the Saber IGBT model template and are functions of the IGBT system variables, the IGBT model parameters (Table 11) , and the physical constants of silicon (Table 111) . The system variables for the IGBT are the node voltages and the explicitly defined system variables: Q , NSat, l/pc, dV,,/dt, and dVd,/dt. The first six equations in Table I evaluate the voltage differences used by other expressions in Table I , where the notation V ( a ) is the MAST syntax for the voltage at node a. The quantities evaluated in the values section (Table I) are used in the equations section shown in Fig. 7 to describe the currents through each of the elements of Fig. 6 , and to describe the expressions that define the explicitly defined system variables; Q, Nsat, mucinv, dVecdt, and dVdgdt .
The first six statements in the equations section of Fig. 7 describe the currents between the node pairs of Fig. 6 in terms of the system variables using the values in Table I The last five statements in the equations section give the expressions that must be satisfied to determine each of the explicitly defined system variables. The notation of these statements indicates that the system variable on the left-hand side of the colon (:) is to be solved for by the simulator such that the expression on the right-hand side of the colon (:) is satisfied. That is, in addition to iterating the node voltages until Kirchhoff's current law is satisfied at each node, the simulator also iterates the explicitly defined system variables until each of the expressions on the right-hand sides of the colons are satisfied. System variables are introduced in this manner to describe components of current that cannot be expressed as explicit functions of the node voltages and the time rate-ofchange of the functions of the node voltages. System variables are also introduced to describe the time derivatives of capacitor voltages where the capacitance formula cannot be integrated to obtain an expression for the capacitor charge and hence the nonlinearities cannot be included within the argument of the Saber time derivative operator.
In the IGBT template, the system variable d V e c d t is introduced to describe the current through the collector-emitter redistribution capacitance because this capacitance depends upon several system variables, and the current cannot be described as the time rate-of-change of a capacitor charge. The variable d V d g d t is introduced so that general expressions for the gate-drain capacitance can be readily implemented without the need to integrate the capacitance formulas to obtain the capacitor charge expression. The variable Q is introduced to describe the implicit emitter-base capacitor; that is, the expression for the voltage as a function of charge cannot be inverted. The variables N s a t and mucinv are introduced to account for the implicit relationships for these bias-dependent model parameters, (1) and (2) . Thus, these variables are solved for such that (1) and (2) as well as the expressions in Table I are satisfied.
Techniques Used to Ensure Convergence
The nonlinear solution algorithm (iteration algorithm) of the Saber circuit simulator is unique in that all of the nonlinear expressions are evaluated in conjunction with an array of sample points for each of the independent variables. At the sample points, the nonlinear expressions are fully evaluated, while at intermediate values of the independent variables, the nonlinear functions are evaluated using multidimensional linear interpolations. One of the benefits of this algorithm in implementing model equations is that the partial derivatives of the model equations with respect to the system variables are not required in order for the simulator to iterate the system variables in a manner that converges to the solution of the system of nonlinear equations. Thus, the model equations can be implemented directly in a straightforward manner as describe above.
The range and density of the sample points can be tailored to the nature of the model nonlinearities by specifying the sample points arrays in the control section of the Saber template. The Saber simulator also provides the capability to control the maximum step size that a given variable can take between successive iterations (Newton steps) in regions where the nonlinear model functions have discontinuous partial derivatives with respect to the system variables. This feature of the Saber simulator is beneficial in implementing models which use different expressions to describe different regions of operation; for example, I,,, is described by a different expression for gate voltages above and below V,, = VT. Newton steps for the independent variables can be introduced near the transition between different regions by specifying the Newton step arrays in the control section. The Newton steps tend to confine the iterations of the independent variables to the regions where they are introduced so that the variables do not overshoot the transition regions during iterations.
In implementing the IGBT model into the Saber simulator, the equations in Table I must be formulated such that they are continuous and nonsingular in the range that the system variables may take during iterations. For example, c g d j becomes infinite at v d g = -V T d which would result in numerical overflows even though the reciprocal sum that describes C g d is well defined mathematically. This problem is alleviated by reformulating the gate-drain capacitance expression in terms of reciprocal capacitances so that only l / c g d j needs to be evaluated. Some of the expressions in Table I are only valid for limited ranges of the system variables and should be left undefined or be given a definite value in the inapplicable range. For example, the expression for w g d j is only applicable when a depletion region exists (i.e., v d g > -V T~) , and the expressions would result in the square root of a negative number otherwise.
Other expressions are nonsingular and continuous in the range of all physical solutions to the nonlinear equations, but are not so in ranges which may be entered into during the iterations necessary to find the physical solution. 
v. MODEL EVALUATION AND VALIDATION
The Saber IGBT model described in the last section is evaluated using various test circuits to examine the device behavior for the range of static and dynamic conditions in which the device is intended to be operated. The evaluations are performed for 20-A, 600-V rated IGBT's with the same model parameters as the devices in [3] (Table I1 and Table  111 ). The evaluations are demonstrated in this paper for a 7. Ip s base lifetime, although the model has also been evaluated for faster devices with lower base lifetimes. Fig. 8 shows the basic test circuit (a) and the corresponding net-list (b) used for the evaluations. Modifications to this net-list are also discussed below to describe the polarized active feedback snubber circuit results of [3] and to describe the passive polarized tum-off snubber and soft clamp circuit results of [4] .
The statements in Fig. 8(b) describe each of the six circuit elements of Fig. 8(a) . The first column in these statements designates each component of the circuit, where the name of the given template that is used to model the component is given on the left-hand side of the period (.), and the name of the specific instance of the component within the circuit is given on the right-hand side of the period. The resistor, inductor, and voltage supply templates are provided within the Saber template library, and the user-defined IGBT template is described in Section 111. The remaining columns to the left of the equal sign define the connection points for each component, where the names of these connection points are defined in Fig. 8(a) . The parameters of each component that are to be changed from the default values of the generic templates are given to the right of the equal signs. The triode-like region indicated as 4) in Fig. 9 has a larger transconductance parameter (Kp1iIL) than does the saturation region (Kpsat), due to diffusion in the nonuniformly doped MOSFET channel. This results in a steeper slope for the linear region than would occur if the transconductance parameters were identical. This behavior is typical of the channel current for the VDMOSFET structure [SI, although the triode region is not as evident for power MOSFET's as it is for IGBTs due to the large series drain resistance of high-voltage MOSFET's. The expression for I,,, in Table I accounts for the difference in transconductances and has a continuous first derivative with respect to at the transition between the linear and saturation regions. Reference (61 describes the method used to extract the two transconductance parameters. For low gate voltages, the saturation current indicated as 3) in Fig. 9 increases proportional to (V,, -VT)'. However, at high gate voltages, the channel mobility is reduced due to the high transverse electric field which is accounted for by the factor Table I .
The slope of the current saturation region (output conductance) is small for VDMOSFET's, because the channel length modulation effect is minimal for the lightly doped drain [9] , [IO] . However, IGBT's do exhibit a significant output and I,.,,.
conductance for anode voltages larger than those in Fig. 9 , due to the increase in the bipolar transistor current gain with decreasing neutral base width W (Early effect), and due to the increase in avalanche multiplication. In addition, the IGBT anode current increases exponentially with anode voltage near the open-base, collector-emitter breakdown voltage of the intemal bipolar transistor (600 V). Both of these features of the high-voltage static characteristics of the IGBT (not shown in Fig. 9 ) are also well described by the Saber IGBT model. ) if the protection circuit were not added, but with the protection circuit, the IGBT can be switched off without excessive voltage overshoot. The Saber IGBT model also predicts the IGBT anode current and the diode current waveforms for this circuit [4] , and is thus useful in the design and selection of components for the protection circuit. The polarized active snubber circuit shown in Fig. 12(b) is connected to the IGBT anode and the IGBT gate in the circuit of Fig. 8(a) . The simulations including the polarized active snubber are performed by adding the following statements to the net-list of Fig. 8(b) : where dln4148 is the part number Protection circuits used for the waveforms in Fig 11. (a) Soft clamp power diode and the large valued snubber capacitor necessary for the circuit of Fig. 12(a) , and without the large tum-off delay times that result for the large gate resistances of Fig. 10 . The optimum component values for this type of protection circuit depend upon the IGBT characteristics as well as the load circuit parameters, and it is thus beneficial to examine the behavior of this circuit using the Saber IGBT model.
VI. CONCLUSIONS
The previously developed physics-based model for the IGBT is suitable for implementation into general purpose simulators. To incorporate the IGBT model into the Saber simulator, the model is formulated such that the currents between the terminal nodes are expressed in terms of the system variables, where several system variables are introduced to account for the nonintegrable capacitance formulas, for the implicit emitter-base capacitance, and for the bias-dependent model parameters. The resulting Saber IGBT model performs well and describes experimental results accurately for the range of static and dynamic conditions in which the device is intended to be operated. The model has been used to describe the steady-state and the dynamic characteristics for various external circuit conditions. It has been shown that the Saber IGBT model can be used to determine circuit parameters and component ratings in the design of protection circuits. The basic Saber IGBT model can be readily enhanced to describe the characteristics of IGBT's manufactured using the various power MOSFET technologies.
